Piezoelectric paint is a very attractive piezoelectric composite in many fields, such as non-destructive testing, or structural health monitoring. However, there are still many obstacles which restrict the real application of it. One of the main problems is that piezoelectric paint lacks a standard fabrication procedure, thus characterization is needed before use. The work presented here explores the characterization of piezoelectric paint. It starts with fabrication of samples with certain piezoelectric powder weight percentages. The microstructures of the samples are investigated by a scanning electron microscope; the results indicate that the fabrication method can produce high quality samples. This is followed by measurements of Young's modulus and sensitivity. The piezoelectric charge constant d 31 is then deduced from the experimental data; the results agree well with a published result, which validates the effectiveness of the fabrication and characterization method. The characterized piezoelectric paint can expand its applications into different fields and therefore becomes a more promising and competitive smart material.
Introduction
Starting from its discovery in 1880, piezoelectricity has grown to have significant commercial importance in many fields. The traditional piezoelectric material which has been used in a wide range of applications as sensors and actuators is piezoelectric ceramic. It is very popular and favorable in non-destructive testing, structural health monitoring and vibration control due to its high piezoelectricity, versatility, high signal-to-noise ratio and self-powering ability. However, piezoelectric ceramic also has some drawbacks, such as being hard and brittle, which means that it can only withstand very small bending moments; thus the host structural surface must be flat and smooth, in order to ensure a robust and seamless adhesion for a confident measuring result. However, curved structural surfaces are very common in many cases: they are often seen in water pipelines and welding joints; in these cases, if no extra treatment was applied, the conformability between the ceramic sensor and the host structure would be very poor. Figure 1 shows a steel tube adhered to a piezoelectric ceramic sensor; to ensure a strong conformability between the ceramic and the tube, a flat contacting area was prepared beforehand, consequently the tube is prone to damage. In order to compensate the conformability problems of traditional ceramics, another group of smart materials, which comprise tiny piezoelectric particles in a polymer matrix, i.e. piezoelectric paint, has been investigated.
As indicated by the name, piezoelectric paint possesses the features of normal paint, for instance, flexible, distributable and conformable; meanwhile it has piezoelectricity which makes it attractive in many fields, such as vibration [1] , structural health monitoring [2] and acoustic emission [3] .
The exploration history of piezoelectric paint can be traced back to the 1980s, when the research group of Newnham and co-workers reported the preparation of a water based piezoelectric composite [4, 5] . This was followed by the research performed by Egusa and Iwasawa in the 1990 [6, 7] ; in these works they prepared a piezoelectric paint with PZT ceramic powder and epoxy resin, and applied it in vibration measurement [6] and damage detection [7] . Hale et al prepared piezoelectric paint with PZT powder and acrylic lacquer; they characterized the piezoelectric paint through tensile test, dynamic test and environmental test [8, 9] . Zhang et al reported piezoelectric paint fabrication and extended the application to in situ fatigue crack detection [10] . Zhang and Li also studied the performance of the piezoelectric paint in acoustic emission application [3] . Dietze and Es-Souni reported the fabrication of PZT-PVDF-TrEF composites by a screen-printing method on indium-tin-oxide-coated (ITO) glass substrate, and characterized the film by scanning electron microscope (SEM) and x-ray diffraction [11] . Kobayashi et al used a sol-gel spray technique to produce integrated ultrasonic transducers on structural surfaces for non-destructive testing [12, 13] .
Recently Payo and Hale proposed a method to characterize piezoelectric paint under biaxial strain [14] ; they also analyzed how the polarization voltage, film thickness and PZT powder weight percentage affect the sensitivity [15] . Payo and Hale summarized some advantages and disadvantages of piezoelectric paint [14] , such as being distributable, which means large-area coverage, conformable and having the absence of a bonding layer if a spraying method is used. However, there are also drawbacks which restrict the application of piezoelectric paint in the real field. One of the main disadvantages is that the physical properties are vague if no characterization is performed before use. In [9] , the measurement of d 31 was demonstrated; however, the determination of the Young's modulus, which is an important parameter to calculate d 31 , was poorly described. However, the resulting Young's modulus in [9] was cross referenced by [14] to deduce d 31 , which brought more uncertainties into the characterization results; because the fabrication of piezoelectric paint has not reached an industrial standard, its properties vary with the composition and conditions it is subjected to. Another main disadvantage is the low piezoelectricity compared with ceramic sensors, because of which the popularity is limited and the application range is narrowed.
The work presented here focuses on the first problem, which is characterization of the piezoelectric paint. It starts with fabrication of piezoelectric paint in a cost-effective way. Because the film quality is essential for further processing, its surface morphology and cross section are characterized by SEM, followed by measurement of its Young's modulus through tension tests. A biaxial strain measuring method proposed in [14] is adopted to measure the sensitivity. From the experimental results, d 31 is deduced from these measured experimental data.
Preparation of the piezoelectric paint
Piezoelectric paint is mainly composed of piezoelectric ceramic powder and polymer resin. The former is a pigment and the latter is a binder. The piezoelectric ceramic powder used in this study is a commercially preconditioned piezoelectric material. In the preconditioning process, the main constituent PZT is added with proper portions of ZrO 2 , PbO and TiO 2 , the mixture is calcinated under a certain temperature, usually below 800 • C, during this process the solid phase reaction takes place and the perovskite phase is obtained. After two cycles of spray pelletization the powder particle size is controlled within 1 µm. The ceramic powder is mixed with plasticizer, defoamer, and solvent, and the mixture is ball milled for 2 h, which gives enough energy to separate the ceramic powder into the polymer matrix. Experimental attempts have shown that a milling time of at least one and a half hours is necessary; if it is less than this the ceramic powder cannot be completely and evenly distributed in the solvent, which leads to precipitation and air voids in the paint. The weight percentage of the ceramic powder was chosen to be up to 60%. Experimental attempts have shown that if the weight percentage is higher than 60%, the slurry is too thick and difficult to handle, and thus the possibility of getting failed samples increases.
Various approaches have been used in previous published works to produce the piezoelectric paint, such as spraying [1, 4, 8] , tape casting [3] , screen-printing [11] and sol-gel [12] . The spraying method is a bonding layer free method, by which the slurry is directly sprayed on a structural surface, therefore it is only applicable for a conductive substrate, which is used as one electrode for polarization. The sol-gel method has the same technique as the spraying method, except that the piezoelectric paint layer is fired after being sprayed on a structural surface, therefore it is only applicable for a substrate that can withstand high temperature. The screen-printing method can only produce thick films with fixed thickness and area. In order to compensate for these problems, the tape casting method is used in this work. Generally, the tape casting method is a popular and important ceramic forming technique which is widely used in industry to produce thin sheets of flexible tape. Due to its suitability, simplicity and low implementation cost compared with the other available methods, such as dry pressing, slip casting, or injection molding, it is widely accepted by industry. The cast paint is set aside for more than 24 h of drying. Afterward a conductive paint is applied on both sides for polarization. The polarization process is performed in an oil bath, with an electric field of up to 5 kV mm −1 . Although it is suggested that the piezoelectric composites should be polarized in an elevated temperature above 80 • C, this is not applicable for piezoelectric paint, since the high temperature accelerates the polymer aging. Figure 2 (a) shows a piezoelectric paint sample, and figure 2(b) demonstrates the flexibility of the piezoelectric paint. As can be seen, the piezoelectric paint conforms well to the steel tube without any damage.
Piezoelectric paint characterization

Microstructure characterization
As a high quality piezoelectric paint is essential for characterization and applications, the surface morphology and transverse microstructure of prepared samples were investigated. Figure 3 presents scanning electron micrographs showing the surface morphologies of piezoelectric paints with different weight percentages. Figure 3(a) is a smooth and homogeneous piezoelectric paint surface without air voids or flaws (the small dots in the picture are nothing but dust); it has 50% weight percentage. Its enlargement ( figure 3(b) ) shows that all the piezoelectric ceramic particles are below the size of 1 µm and they are evenly distributed in the continuous polymer phase. Some connection of the two phases belonged to the simplest composite type, a so called '0-3' connectivity, which means that the piezoelectric ceramic particles are dispersed in a three-dimensionally connected polymer matrix [16] . However, it could be seen that many of the piezoelectric particles were in contact with each other, forming a '1-3' connectivity pattern. It has been reported experimentally and theoretically that the '1-3' connectivity can produce higher piezoelectricity, because of the continuously chained piezoelectric particles [17, 18] . It is also possible that a few piezoelectric particles are in contact in all directions, forming a '3-3' connectivity. However, for this bi-phase piezoelectric composite, the dominant connectivities are still '0-3' and '1-3' connectivities.
In contrast, figure 3(c) shows a failed sample with 65% weight percentage. In this sample severe air voids exist, which are seen as the irregular dark parts in the picture. Figure 3(d) clearly shows what these air voids look like. The main cause of air voids is that the weight percentage is too high. Generally, the higher the weight percentage, the higher the pigment-to-binder ratio, and the thicker the slurry. A thick slurry with insufficient solvent causes low adhesive strength between the piezoelectric particles, which leads to film breakage during drying. After many experimental attempts, the maximum weight percentage was selected to be 60%. Another main reason causing the air voids is incorrect handling in processing. For instance, pouring the slurry out from a milling jar carelessly, shaking the slurry unnecessarily, or casting the film too fast, may all bring air bubbles to the slurry, some of which were trapped into the film during drying.
When performing direct poling, a conductive paint is applied on both sides of the thin film as electrodes. The conductive paint is a silver flocculating agent which comprises fine silver particles (approximately 8 µm), therefore it can infiltrate into the air voids easily. The air voids along with the infiltrated silver particles change the dielectric permittivity of the paint, and finally lead to dielectric breakdown when poling. Even if the paint were to be polarized under very low voltage, this would only induce very low piezoelectricity or no piezoelectricity in the worst case, which cannot reach the prerequisite as a sensor or actuator. In this case corona poling, which is a non-contact polarization method, is also not suitable, because the air voids have already reduced the effective thickness of the paint substantially, thus the physical strength of the paint has been compromised.
Besides the surface morphology, the paint cross section is also investigated. Figure 4 (a) is a sample covered with conductive paint. The piezoelectric particles are indicated more clearly in figure 4(b) . They are densely and evenly distributed in the polymer matrix, the dominant connectivity pattern is the '1-3' connectivity. This quality avoids the issue of conductive paint infiltration, thus ensuring a successful polarization which is essential for applications. It can be concluded from figures 3 and 4 that with selected weight percentage and careful handling, the tape casting method can produce high quality piezoelectric thick films.
Measurement of Young's modulus
The modulus of elasticity is an important parameter for further applications. Few reported works have estimated the Young's modulus of piezoelectric paint. Li used an analytical model to predict the Young's modulus with different volume percentages [3] , Hale used a tensile test to measure the value [9] ; however, due to the thin and soft physical properties of piezoelectric paint, the experimental measurement lacked detailed description.
It is introduced in section 3.1 that the tape casting method can produce high quality free standing piezoelectric paint in a large area, therefore it makes it possible to measure the Young's modulus by using a tensile test. In this case, five specimens were prepared, the weight percentage was chosen as 50%. Figure 5 shows the dimensions of the sample, it is shaped according to [19] .
Since the piezoelectric paint is soft and thin, direct placement in the testing machine is difficult and might bring damage beforehand. To solve this problem, a second clamp was designed between the specimen and the testing machine grip. A load cell was applied between the upper part of the second clamp and the tensile head to measure the stress. Figure 6(a) shows the experimental setup. The placement of samples requires extra precautions, to avoid twisting and initial stress or strain, which might affect the measurement result. The test was carried out at room temperature; it was assumed that the temperature effect on the results could be ignored. As the sample was stretched, the forces exerted by the machine and the displacement of the samples were recorded. These data were used to construct a stress-strain curve, by which the elastic modulus could be calculated. Figure 6(b) is the stress-strain curve of a sample which was converted from the load-elongation data. The initial portion of the curve in figure 6 (b) is incompatible with Hooke's law. This is due to the placement error, thus it was very difficult to adjust the sample in the machine with zero stress and strain. However, as it elongated, the stress and strain showed linearity, and the slope of the linear portion is the elastic modulus. The averaged elastic modulus of the five samples is 27 MPa. In fact, it is very difficult to accurately quantify the elastic modulus of the piezoelectric paint, but the estimated value gives a reference for future calculations.
Piezoelectricity
In many engineering applications or numerical calculations, which involve in-plane strain, e.g. acoustic emission or vibration, the piezoelectric charge constant d 31 is a very useful value to know. Payo and Hale discussed the measurement of d 31 in [14] by using a biaxial strain method. Since this method is cost-effective, it is adopted here. First of all, an analytical model of the piezoelectric paint is considered. Figure 7 shows the coordinate system and the piezoelectric paint's polarization direction.
Assuming that the piezoelectric paint is under low mechanical stress, by which the material behavior can be considered linear, and that the piezoelectric paint is isotropic in the in-plane, because the piezoelectric paint is poled in the out-of-plane direction, the electric displacement can be rewritten as
where σ 1 and σ 2 are the two principal stresses. The isotropic assumption d 31 = d 32 leads to
and we consider again the stress and strain relationship for a two-dimensional isotropic material,
The sensitivity S of the piezoelectric paint can be defined by the electric displacement and the sum of the principal strains, which is the electric displacement per unit of strain, therefore,
E has been measured in section 3.1, therefore if S is known, d 31 can be calculated from equation (5). This section will describe the experimental measurement of S. As indicated in (4), the sensitivity of the piezoelectric paint can be deduced if the electric displacement and the biaxial strain can be measured simultaneously. This was realized by adhering a 50% weight percentage piezoelectric paint to an aluminum cross. A rosette strain gauge was applied in the same position but on the other side of the cross. The strain gauge is used to measure the biaxial strains s 1 and s 2 . A test bed which is similar to the one described in [14] is constructed. The test bed consists of two 200 mm × 200 mm × 6 mm aluminum plates. In between the plates there are eight steel bars which are placed as shown in figure 8(a) . Figure 8(b) is the assembly of the test bed. This positioning ensures that the bending moment on the piezoelectric paint can be kept constant. Figure 8(c) shows the whole experimental setup. An impact was applied to the aluminum plate by a rubber hammer. The output signal of the piezoelectric paint went into a charge amplifier, and the signal of the strain gauge went into a four channel carrier-frequency amplifier. The outputs of the two amplifiers were measured by a Handyscope HS4.
The principal strains s 1 and s 2 and electric displacement D 3 can be calculated from the experimental data as
where s a , s b , s c are outputs from the rosette strain gauge, A is the area of the paint, and Q is the generated charge on the paint surface. , where he used a percolation based mixed model to predict the piezoelectric constants for a 50% weight percentage piezoelectric paint. Besides, the PZT powder Li used is similar to the PZT powder used in this work.
Conclusion
In this work, a new smart material piezoelectric paint has been characterized. The work started with the production, followed by surface and transverse microstructure investigation by SEM. The results show that the tape casting method can produce high quality piezoelectric thick films (0.2-0.5 mm), which are essential for further processing and application. To obtain a deep understanding of the mechanical properties, a tensile test was performed to measure the Young's modulus. Afterward the sensitivity was measured, and the piezoelectric charge constant d 31 was deduced from the experimental data. The measured d 31 is close to a published analytical calculation, and thus verifies the effectiveness of the 
